Summary. Triiodo-L-thyronine (T3) added in vitro to fat pads from normal, or propylthiouracil-treated rats enhanced the rate of release of glycerol and free fatty acids (FFA) in the presence of epinephrine. An effect of T3 was also demonstrated in the presence of adrenocorticotropic hormone (ACTH), thyroid-stimulating hormone, or glucagon in studies with tissue from normal rats. The minimal effective concentration of T3 was approximately 2.5 x 10-5 mole/liter for intact fat pads and 3 X 10-6 mole/liter for fat cells. With fat pads from propylthiouracil-treated rats the effect of T3 was not apparent until the 3rd hr of incubation. Enhancement of epinephrine-stimulated lipolysis by T3 was evident during the 1st hr of incubation of fat pads from normal rats, and fat cells responded almost immediately to the presence of T3. When added alone or in the presence of theophylline, 3',5'-adenosine monophosphate or its dibutyryl derivative, T3 had little or no effect on lipolysis. 
Introduction
The release of free fatty acids (FFA)1 from adipose tissue in vitro and particularly the response of this process to epinephrine is markedly influenced by the thyroid status of the rats from which tissues are obtained (1) (2) (3) . The after the intravenous administration of T5 to thyroidectomized rats. This and the effect on heart rate, which may also be the result of an altered sensitivity to catecholamines, were evident before other changes (e.g., in body temperature or cardiac glycogen). Thus, the effect of T3 in adipose tissue may in fact be representative of an important primary action of thyroid hormones which occurs in several tissues and which may lead secondarily to other characteristic metabolic changes. The experiments reported below were undertaken to demonstrate and to study directly, in vitro, the effect of T3 on lipolysis in adipose tissue as a first step toward elucidating the mechanism of the action of thyroid hormone which has been described as a sensitization to the effects of catecholamines.
Methods
Epididymal fat pads were obtained from Sprague. Dawley rats that had been allowed free access to food until they were decapitated. Incubation of tissues and Paired fat pads, incubated in 3 ml of Krebs' bicarbonate medium containing bovine serum albumin, 30 mg/ml, one with and one without addition as indicated. After 3 hr a sample of medium was removed for determination of glycerol.
Epinephrine (final concentration 0.1 gg/ml) was added and incubation was continued for another hour.
* Mean of differences between pairs i SE of the mean. tP <0.001. quantification of FFA, glycerol, and glucose in the medium were carried out as described in earlier publications from this laboratory (5, 6) .
Fat cells were prepared essentially as described by Rodbell (7) . Incubation with collagenase was carried out in Krebs-Ringer phosphate medium, containing serum albumin, 30 mg/ml, in an atmosphere of air. Glycerol was determined in samples of cells plus medium with glycerokinase and a-glycerophosphate dehydrogenase in a one step procedure devised by Chernick,2 but modified so that NADH was quantified by measuring absorption at 340 mA. The amount of fat cells used in each experiment was calculated from the amount of heptane-extractable hydroxamate-reactive (8) 
Results
Effects of T3 in the presence of epinephrine or other fat-mobilizing hormone. T3 caused no stimulation of glycerol release during the 3 hr of incubation in medium alone as shown in Table I . When epinephrine was added to all flasks during the 4th hr, however, the tissues in medium that contained T3 released significantly more glycerol than did the controls. Most of the FFA was released during the 4th hr, after epinephrine was present, and a significant effect of T3 on the total was observed (not included in the Table) . Diiodotyrosine and tetrachlorothyronine in similar molar concentrations were without effect on release of glycerol (or of FFA) whether or not epinephrine was present.
The first experiment in Table II shows again the lack of effect of T8 added alone on glycerol release. In the presence of epinephrine, 0.5 ,ug/ml an effect of T8 on release of glycerol and FFA was observed in each of the 4 hr of incubation. In Experiment 3, with tissues from PTU-treated rats incubated with epinephrine there was also a significant effect of T. on glycerol release but only in the 3rd and 4th hr. It will be noted that the release of glycerol (and of FFA) from these tissues in the presence of epinephrine was distinctly lower than that observed with the tissues from days before the experiment. Fat pads from control rats weighed 338-664 mg, those from PTU-treated rats weighed 208-512 mg. Paired fat pads were incubated in 3 ml of Krebs' bicarbonate medium containing bovine serum albumin, 30 mg/ml, one of each pair with and one without epinephrine, 0.15 jug/ml. After 1 hr the tissues were rapidly rinsed, blotted, and placed in fresh medium. The medium in which the tissues from PTU-treated rats were incubated contained T3, 3.7 X 10-6 mole/liter, that for control tissues did not. At the end of the 2nd hr tissues were again rinsed, blotted, and placed in fresh medium (containing T3 for the experimental tissues). To one of each pair of tissues epinephrine, 0.15 ,g/ml, was added. The data on FFA release paralleled those for glycerol and are therefore not included in the Table. NS, not significant. * Mean of differences between pairs ± SE of the mean. Experiments were carried out as described in the legend to nificantly the total amount of glycerol or FFA released during the subsequent hour.
In experiments with fat cells the minimal effective concentration was somewhat lower. In Experiment 1, Table VI, the rate of glycerol production was unusually low in the presence of epinephrine, 0.01 Mg/ml and the effect of T3 was very striking. In Experiment 2 the same concentration of epinephrine produced a greater acceleration of lipolysis and the effect of T3, although demonstrable even at 3.1 X 10-8 mole/liter, was much smaller. It is apparent that if the rate of lipolysis is maximal in the absence of T3 no effect of the hormone will be demonstrable. Similarly, the higher the rate of lipolysis the smaller the potential maximal effect of T3. In the experiment shown in Fig. 1 , the effect of T3 was much greater in the presence of 0.01 jtg of epinephrine per ml than it was with 0.02 tg of epinephrine per ml. The rate of glycerol release was approximately doubled by doubling the concentration of epinephrine and was more than doubled by the addition of T3 in the presence of the smaller amount of epinephrine. An effect of T3 has also been observed with fat cells incubated in the presence of glucagon (Tables VI and VIII) or ACTH (not  shown) .
Experiments with cyclic AMP and theophylline. With intact fat pads a small but significant effect of T. was observed in the presence of cyclic 3',5'-AMP, or 6N-2'-O-dibutyryl cyclic AMP, but not in the presence of 5'-AMP (Table VII) . The reason for the small negative effect of T3 in the 1st hr of Experiment 4 (Table VII) is not known and it has not been observed in any otht r similar experiments. In only one experiment out of nine has it been possible to observe an effect of T3 on glycerol release in the presence of theophylline and in this experiment (No. 5 in Table VII) there was no significant enhancement of FFA release.
In several experiments with fat cells, no effect of T3 has been demonstrated in the presence of 3',5'-AMP or of theophylline, although in the same experiment enhancement of glycerol production by cells incubated with hormone was observed. Data from one such experiment are summarized in Table VIII Three vials were incubated under each set of conditions, and in all cases the findings were in close agreement. Pairs of fat pads were incubated, one with and one without To (3.7 X 10-5 mole/liter in all experiments except No. 4, in which it was 2.5 X 10-5 mole/liter). Additions when made were present in all flasks. In Expts. 2, 4, and 7 tissues were rinsed, blotted, and transferred at the end of 1 hr to fresh medium containing additions as indicated. There were six pairs of tissues in each experiment.
* Mean of differences between paired tissues ± SE of the mean. tP <0.05.
were omitted because it has been found that stimulation of lipolysis by 3',5'-AMP is much greater in the latter medium than it is in medium containing Ca , Mg . and K+.3 The effect of glucagon was less in medium in which Na+ was the only cation than it was in the complete medium, but an effect of T3 was evident in both. No effect of T3 was observed in either medium in the presence of 3',5'-AMP or theophylline. As shown in Table IX , the effect of cyclic AMP, 5 jumoles/ml on glycerol release was not significantly greater in tissues from rats that had been treated with T. although the tissues from T1-treated rats released significantly more glycerol and FFA than did the controls in the absence of cyclic AMP, and the effect of cyclic AMP on FFA release was somewhat higher in the experimental group. The Krebs' bicarbonate medium contained bovine serum albumin, 30 mg/ml, and glucose, 1.5 mg/ml. Each experiment was comprised of four pairs of tissues, one incubated with and one without epinephrine, 1 jsg/ml, or ACTH, 0.2 U/ml, and six pairs of tissues incubated with epinephrine or ACTH in all flasks and T3, 2.5 X 10-5 mole/liter in one of each pair.
* Mean of differences between paired tissues i SE or the mean.
effect of T3 on rat adipose tissue. There were a number of differences between their experiments and those reported here (e.g., size of rats, treatment of fat pads before incubation, and concentration of epinephrine). The most important difference undoubtedly was that the concentrations of T3 employed were lower than those required to produce an effect in our study. Because it has been reported (9, 10) that the effect of T3 (or T4) on epinephrine stimulated contraction of rabbit aortic strips in vitro is probably due to chelation of copper in the incubation medium, it is important to note that the effects of T3 on adipose tissue (fat pads or cells) in vitro are not mimicked by EDTA. At concentrations of 10-4_10-6 mole/ liter under the conditions used in experiments with Tn. EDTA was without effect on lipolysis when added alone, with epinephrine and/or T3. At higher concentrations and under different conditions EDTA does have effects on lipolysis but they are quite unlike those of T3. 3 The effects of T3, added to adipose tissue in vitro, reported above resemble in several ways those observed in tissues from rats treated with T3. Although both glycerol and FFA release are elevated in fat pads from T3-treated rats (1, 3) the bulk of the evidence indicates that it is the response to epinephrine rather than the basal lipolytic activity that is most affected by the thyroid hormones. Similarly in vitro, T3 was for the most part without effect on release of glycerol or FFA when present alone. Bray and Goodman (4) found that increased sensitivity of the adipose tissue to epinephrine was demonstrable 3 hr after intravenous injection of T3 in thyroidectomized rats. In the studies reported above, there was no significant effect of T3 on tissues from PTUtreated rats until the 3rd hr of incubation, although in the tissues from normal rats the effect of T3 added in vitro was apparent during the 1st hr and fat cells from normal rats appeared to respond almost immediately. The latent period for the effect of thyroxine in vivo was longer than that for T3 (4) and in this regard it may be significant that an effect of thyroxine added in vitro to tissues from normal rats was not observed until the 2nd hr of incubation.
The effect of T3 on lipolysis in adipose tissue has often been referred to as one of sensitizing the tissue to the action of catecholamines. As shown above, however, a similar effect of T3 is observed also in the presence of ACTH, TSH, or glucagon, and it has recently been reported that the lipolytic effects of ACTH, TSH, and glucagon are reduced in fat pads from thyroidectomized rats (11) . These findings indicate that the effect of T3 is not specifically related to catecholamines and suggest a site of action in a pathway influenced by all of these hormones.
The enhancement of lipase activity caused by epinephrine, ACTH, TSH, glucagon, or theophylline is believed to be secondary to an increase in the intracellular concentration of 3'-5'-AMP (12) , produced in the case of the hormones by stimulation of synthesis of the cyclic nucleotide and in the case of theophylline by inhibition of its degradation. In the presence of theophylline the concentration of cyclic AMP in fat pads may rise to higher levels than those attained with hormone treatment and apparently maximal rates of lipolysis are observed. Hynie, Krishna, and Brodie (13) , found that, in the presence of 5 X 10-3 M theophylline, tissues from normal, hypo-, or hyperthyroid rats all released glycerol at the same rate. They assumed that with this high concentration of theophylline, lipase activation was complete and concluded that the total amount of lipase was unaffected by thyroid status. Brodie et al. (14) also reported that adipose tissue from thyroidectomized rats did not differ from that of normal rats in lipolytic response to theophylline at several concentrations, i.e., the "sensitivity" of the tissue to theophylline was not altered by thyroid status 4 It has not been demonstrated that stimulation of glucose uptake by epinephrine (or by ACTH) is mediated by cyclic AMP. Under certain condi4In an experiment with fat pads from thyroidectomized rats incubated for 3 hr, one of each pair of tissues with and one without Ts (2.5 X 10' mole/liter), phosphorylase activity after 3 min of exposure to epinephrine was significantly higher in the tissues that had been incubated with T3 than it was in the control tissues. This observation would not be explained by an effect of Ts specifically on the lipolytic system or its activation but is quite consistent with an effect on the adenyl cyclase system. tions the effects of the hormones on lipolysis and on glucose uptake can be dissociated. Goodman and Bray (11) found that the effect of epinephrine on oxidation of glucose-U-14C was not influenced by the thyroid status of the animals from which tissues were obtained. Similarly, T3 added in vitro was without effect on glucose uptake in the presence of epinephrine or ACTH although at the same time it caused a significant stimulation of FFA release. It has been reported that the effect of insulin on glucose uptake is enhanced in adipose tissue from hyperthyroid rats (17) . The failure to observe an effect of T3 added in vitro on glucose uptake in the presence of insulin could mean that this is an effect of T3 that is not related to the cyclic AMP system and which takes longer to develop, or it might mean simply that the experimental conditions were not suitable for demonstrating this effect.
Qualitatively, there are certainly several similarities in the effects on adipose tissue of T3 administered in vivo and in vitro. Even the concentration that caused an essentially maximal effect with fat cells in vitro was not very different from the blood levels that might be reached after intravenous administration of 45 jug of T3 to rats (4) . It is the time course of the appearance and disappearance of the in vitro T3 effect that differs most obviously from that of the hormones injected in vivo. In evaluating the significance of this difference the basic question seems to be whether the latent period and the persistence of the effect of T3 administered in vivo reflect time required for alterations in the activity of effector systems influenced by T3 or whether they are related to the rate of uptake, extent of accumulation and rate of degradation, or perhaps release, of thyroid hormones by fat cells. If it is the former, one would have to conclude that the in vitro and in vivo effects of T3, although apparently alike in so many ways, are in fact produced by different mechanisms. On the other hand, when considered in terms of the second alternative there are numerous obvious differences between the conditions in vitro and in vivo that might account for the findings. For example, in vitro the medium contains serum albumin as the only added protein but in plasma there are several proteins in addition to albumin that bind T3. In vivo, all fat cells are more or less equally exposed to circulating T3 whereas when a fat pad is incubated in vitro only the cells at the surface may be directly and immediately exposed to the hormone. In any case, until more is known about this aspect of the action of T8 it is difficult to assess the significance of the rapid appearance and disappearance of the in vitro effect. On the basis of the qualitative similarities between the effects of T. in vitro and in vivo it seems quite probable that they are mediated in similar fashion.
